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Joint Spectrum Allocation and Scheduling in
Multi-Radio Multi-Channel Cognitive Radio
Wireless Networks

Peng Wang*, John Matyjas’ and Michael Medley’
tAir Force Research Lab, Rome, NY

Abstract—Cognitive radio can dynamically adapt to the
available spectrum in the wireless network. Scheduling and
spectrum allocation are tasks affecting the performance of
cognitive radio wireless network. In [1], an iterative approach
was proposed to efficiently compute the optimal scheduling
for wireless mesh networks with single channe and single
radio. The optimal scheduling problem is decomposed to
a sequence of small optimization problems and maximum
weighted independent set (MWIS) problems, and both of them
can be computed quickly even for large networks. For example,
the optimal scheduling can be computed for the mesh network
with more than 2,000 links in less than one hour. Here, the
iterative algorithm is extended to the cognitive radio wireless
network with multi-channel and multi-radio. Allowing the
schedule problem over multi-channel multi-radio results in
higher dimension optimization problem. However, the proposed
algorithm can obtain the optimal spectrum allocation and the
schedule quickly for moderate size of networks. Numerical
experiments show that the optimal throughput is achieved when
the number of channels is one or two more than the number
of interfaces.

|. INTRODUCTION

The broadcast nature of wireless radio causes interference
among the nodes sharing the common communication me-
dia. To reduce the interference, fixed spectrum assignment
policy regulated by Federa Communications Commission
(FCC) assigns a fixed portion of the spectrum to a license
holder or a wireless service for exclusive use on a long term
basis. However, a large portion of the assigned spectrum is
sporadically used or even not utilized at al, which leads to
the scarcity of available spectrum. On the other hand, certain
portions of the spectrum are heavily used, such as 2.4GHz
band and 5.0GHz band.

Dynamic spectrum allocation (DSA) is a good way to
share the spectrum among users. The appearance of cogni-
tive radio makes DSA feasible where cognitive radios can
be programmed to transmit and receive on a variety of fre-
guencies and use different transmission access technologies.
However, how to efficiently share the available spectrum is
a challenge in the cognitive radio wireless networks with
multi-channel and multi-radio.

*Visiting scientist under a National Research Council Research Associ-
ateship Award at the Air Force Research Laboratory.

It is well known that the optimal scheduling problem in
wireless network is NP-hard even when single channel single
radio is considered. The optimization space grows exponen-
tially with the number of links. For example, if single chan-
nel is used, then one must maximize over a polytope with
2L extreme points, where L is the number of links. More
specifically, we define an assignment to be a specification of
which links are transmitting and which links are not trans-
mitting. A schedule is the convex sum of assignments. The
main challenge to the throughput maximization problem has
been that the space of all assignments is too large. In order
to solve the scheduling problem, the space of assignments
must be reduced. In [1], the authors have developed the
iterative techniques to compute the optimal scheduling for
the wireless mesh network over single channel even when
co-channel interference is present. The idea is as follows.
Given an initial set of randomly selected assignments V),
solve the throughput optimization problem over the set V
and obtain the Lagrange multiplier for each link. Then, find
a better assignment v by solving a maximum weighted
independent set (MWIS) problem. If vt exists, add it to
the set V and go back to solve the optimization problem
again. Otherwise, the optimal scheduling is obtained. The
optimality and convergence property are proved in [1].

Allowing the schedule optimization to optimize over
multi-channel multi-radio results in a higher dimension
problem than when the optimization is over only single
channel single radio. However, the main results and the
algorithm for optimal scheduling from [1] are still available
even if multi-channel and multi-radio are considered. After
solving the scheduling problem, the assignment specifies
which links are transmitting and their transmission channel.
Therefore, DSA problem is aso solved as a by-product. In
this scheduling problem, the dimension of MWIS problem
to finding a new assignment significantly increases with the
number of channels. Furthermore, the constraint of multi-
radio for each node makes the MWIS problem even harder.
The computation complexity of solving MWIS determines
the complexity of the scheduling problem over multi-channel
multi-radio.

The remainder of this work is organized as follows.
Section Il briefly introduces some related work. In Sec-



tion 111, notation and problem definition are given. Section
IV presents the iterative approach to finding the spectrum
alocation and optima scheduling of the cognitive radio
networks when multi-channel multi-radio is supported. The
approach focuses on reducing the size of the space of
assignments and finding a new assignment. Then, Section
V shows the results from numerical experiments. Finally,
concluding remarks are given in Section VI.

Il. RELATED WORK

Utility optimization of wired networks was pioneered by
the seminal works of Kelly [2], Low [3]. The same frame-
work has been extended to ad hoc networks in [4], [5]. The
main obstacle facing throughput maximization is that the
size over which the optimization is performed is exponential
with the number of links [6]-{8] even when single channel
single radio is considered. To reduce the optimization space,
one approach is to arbitrarily restrict the focus to a subset
of all assignments, which is followed in [8]. However, this
approach reduces the resulting throughput. Another approach
isto develop aheuristic to determine the subset of considered
assignments [9], [10]. The performance of these methods
typically decreases as the number of linksincreases[9], [10].
Finally, one can take a brute force approach, and consider
the entire set of assignments. This approach is taken in [6],
where, due to computational difficulties, the largest network
that could be solved has only 15 links. However, the authors
in [1] has developed the iterative techniques to compute the
optimal scheduling for the wireless mesh network with more
than 2,000 links.

When cognitive radio wireless network with multi-channel
single-radio is considered, [11] proposed the concept of
time-spectrum block and the protocols based on heuristic
method to allocate these blocks. [12] also reduced the
optimization space by constructing the subset of the good
assignments, and obtained the suboptimal from the given
assignments. The network topology considered is around 10
links.

Throughput optimization has been studied for wireless
mesh network with multi-channel multi-radio. [13]-{15]
provided the theoretic results along with the centralized
algorithm. Both static and dynamic spectrum allocations are
investigated in these works. Due to the large size of opti-
mization space, the approximation approaches were widely
used in these works, and the proposed algorithms provided
the bounds or the ratio of the capacity instead of the optimal
solution. Thiswork proposes an efficient approach to finding
the spectrum allocation and scheduling for cognitive radio
networks with multi-channel multi-radio by extending the
work in [1].

I1l. NOTATION AND PROBLEM DEFINITION

A router-to-router flow is denoted by ¢, with ® denoting
the set of all such flows. To improve presentation, it is

assumed that all flows use a single path, however, the
extension to multipath is straightforward. The data rate of
flow ¢ is denoted by f,, and the path followed by flow
¢ is denoted by P (¢). The set of all considered paths is
P. Using this notation, the total data rate sent over link
x is Z{Wep((b)} fo, where {¢ |z € P(¢)} is the set of
flows that cross link x. All links are directed; bidirectional
communication between two nodes is represented by two
directed links.

Define an assignment to be a vector v =
[ v vy |, where there are L links in the network
and where v, € {0,1} with v, = 1 implying that
link = is transmitting during assignment v. The set of
considered assignments is denoted by V, while the set of
all assignments is denoted by V. In this single channel
case where v, € {0,1}, V has 2& assignments. The size of
V is the main challenge facing optimal scheduling. Thus,
typically, we only consider a subset of all assignments, i.e.,
VGV

Suppose that the available bandwidth B is divided evenly
into K orthogona channels, each having bandwidth AB =
B/K, sufficiently small to be accurately approximately by
a flat fading coefficient. For simplicity, assume all channels
have the same fading coefficient. Also, assume that there are
L links in the cognitive radio wireless network, and each
node = has M, cognitive radio interfaces. For a given node
ng, al links incident to node n, are denoted by E(ng).

When considering multiple channels, the concept of a
logical link arises. For example, aphysical link may transmit
at K orthogonal channels. This can be modeled as K |ogical
links, each with a different channel, but between the same
pair of physical nodes. In this case, the logical link xj
would refer to the physical link z transmitting at the kth
channel. Then, an assignment specifies which logical links
are transmitting. We drop the terms physical and logica
unless it is unclear from context.

A schedule is defined as a convex combination of assign-
ments. For example, in the simple case where dl links can
only transmit at a single channel, then an assignment can
be written as v € {0,1}", where there are L links in the
network. In this case, v, = 1 implies that link = is trans-
mitting during assignment v. A schedule can be represented
by a set {a,} where o, > 0 and >, oy < 1. Letting
R (v, z) bethe datarate over link « during assignment v, the
average data rate over link = provided by schedule {a } is
> v avR (v, z). More details on the single channel case can
be found in [1]. Since links are permitted to use K channels;
hence an assignment can be written as v € {0,1}"*%,
wherev,, = 1 impliesthat the physical link z istransmitting
at channel k. Duetothelargesize of {0, 1}**, we consider
subsets V C {0,1}7*", where V is referred to as the set of
considered assignments.

The data rate across logical link z; during assignment v
is denoted by R (v,zy). A simple binary approximation is



used to define R (v, ). Specificaly,

R(v,zy) = {
(1)

where y (z) is the set of logical links that are in conflict
with z, i.e, y; € x(z) if simultaneous transmissions
over logical link z; and logical link y; are not possible.
R,, is the nominal data rate over logical link x;. Note
that this definition of R (v, xy) neglects the possibility that
the aggregate interference from transmissions over several
links not in x (xx) can result in a transmission failure over
logical link z;. A technique to account for such interference
is discussed in Section IV-B. All computations in this work
will use this technique, and hence the computed throughputs
account for multiple interferers.

The set of conflicting links, x (zx), depends on the
communication model. Arguably, the ST N R binary commu-
nication model is the most relevant and is the model used
in this work. Here, the SINR is defined as

Ry, if v, =0foraly; € x(zx),

Yj F Th, Vg, = 1,
0 otherwise,

Hy, o0y, + N’

where H,, ., is the channel gain across link =y, Hy, .,
is the channel gain from the transmitter of link y; to the
receiver of link x, p,, andp,, arethetransmission powers,
and \ isthe channel noise. Let us define I'(x;) be the SINR
threshold to achieve the desired data rate R,,. Under the
SINR binary communication model, the set of conflicting
links, x (zx) is defined by

{yj ‘SINR (xk,yj) < F(:Ek) (2)
or SINR (yj,xr) < T'(y;)}

SINR (1, ;) =

x (k) =

Suppose L links share K channdls and each node x
has M, cognitive radio interfaces. With this notation, the
schedule optimization problem can be described as

manG (f) (33)
subject to:

K

S fo< > a, > R(v,z) for each link 2
{plzeP(¢)} vey k=1
(3b)

Z a, <1 (30)
vey
0<ay foreachveV. (3d)

where f isthe vector of flow rates. The function GG isreferred
to as the throughput metric. Severa different throughput
metrics are possible. In some cases, the throughput metric
is the network utility G (f) = >4 Us (fs), where U,
is the utility function for flow ¢. Popular utility func-
tions include U, (f) = wylog(f) [2], [16], [17] and

Algorithm 1 Computing an Optimal Schedule

1: Select an initial set of assignments V(0), set ¢ = 0.

2. Solve (3) for V = V(i) and compute p(i) and A(3),
the Lagrange multipliers associated with constraints (3b)
and (3c), respectively.

3: Search for an assignment v+ that solves

L K
vt € arg maxz oy Z R(v,xg). 4
Y =1 k=1
4 if the assignment v* € V(i) or

o 10 (8) gy R(vF i) < A(6) then
:  stop, the optimal schedule has been found.
6. else
7. st V(i+1)=V(@E) UvT, seti=14+1, and go to

Step 2.
8 end if

Up (f) = wefr77/ (1 —~) [18], where wy is the admin-
istrative weight. Another widely used throughput metric is
G(f) = min¢€q> w¢f¢ [8] If G(f) = min¢€¢ w¢f¢, then
(3) can be written as a linear programming problem, which
is extensively studied in [19]. This work specifically, focuses
on the case when G (f) = minges wy fs.

IV. OPTIMAL SCHEDULING

In theory, (3) is solvable. However, there is a significant
computational challenge in that if V is the set of al assign-
ments, then the vector o has 27X elements. Thus, the size
of the space over which the optimization is performed must
be reduced. This idea of considering a reduced space was
considered in [8] and [9], however, the space was constructed
arbitrarily. In this work the space is constructed so that the
throughput found by optimizing over the reduced space is
the same throughput found by optimizing over the entire
space.

A. Finding New Assignments

In order to find a new assignment, (4) must be solved. It
is well known that solving (4) is equivalent to solving the
graph theoretic problem known as the maximum weighted
independent set (MWIS) problem (e.g., see [1]). In the
worst case, the MWIS problem is NP-hard. However, this
does not mean that the MWIS problem is computational
intractable in all cases. In fact, [20] showed that (4) can be
solved efficiently. For example, [20] found that in practical
networks, (4) can be solved in about one second for a
topology with 2048 links where single channel single radio
is considered.

One approach to solving (4) is to use a generic integer
linear programming (ILP) solver. The MWIS problem can



be formulated as an ILP via

L K
max g 15 E Ry, v,
k=1

r=1

(59)
subject to: vy, +v,, < 1if y; € x (1)

K
> Y vs, < M, for exhnodey (5b)
z€E(y) k=1

vy, € {0,1}.

where z € E(y) denotes the links incident to node y
and (5b) restricts that the active links incident to node y
must be no more than the number of cognitive radios in
node y. The time required to solve this problem can be
significantly decreased if a greedy clique decomposition of
the conflict graph is performed. Specificaly, a set of cliques
{Qi, i=1,2,..Q} arefound such that if y; € x (zy), then
there is a clique @); such that z;, € @); and y; € Q;. Then,
(5a) becomes

L K
max > pto ), Re v, ©
z=1 k=1

subject to: Y v, <1fori=1,2,..,Q

TKEQR:

K
Z Z”l‘k < M, for each node y
w€E(y) k=1

Vg, € {0,1}.
B. Removing Multi-Conflict

Binary communication models have the drawback that
they do not directly account for the impact of the aggregate
of interference from severa simultaneously transmitting
links. For example, suppose that links y; ¢ x (zx), 21 ¢
x (zx), y; ¢ x(z1), thus, according to the binary conflict
model, any pair of these three links can simultaneously
transmit. However, it is possible that the aggregate of the
interference of link y; and link z; transmitting is strong
enough that communication across link z;, is not possible.
However, binary conflict models do not account for this type
of interference. Consequently, a schedule constructed based
a binary conflict model may perform poorly when applied
in the physical model.

One way to account for these multi-conflict is as follows.
Let vt be a new assignment found by solving (6). Check
whether this assignment has any multi-conflict, by determin-
ing whether there is a z;, with v =1 and

Ha:k,mkpmk
L K H N
Zyzl,y;éx Zj:l yj.exPy; Vy; T

If such a z;. exists, then add the found multi-conflict into
the ILP (6) as follows. Let C = {ax|v} =1}, that is, C is
the set of links that make up the multi-conflict. Intuitively,

C should be the smallest set of links that form the multi-
conflict at link x;. This multi-conflict can be removed from
consideration by using the following ILP problem to search
for new assignments,

L K
m‘?*X E oy E Ry vz,
k=1

z=1

(78)

subject to: Y v, <1fori=1,2,..,Q
TKEQ:

K
Z vak < M, for each node y
2€B(y) h=1

vakg\ﬂ—l

zreC

ka 6 {Oﬂ 1}3

where |C| is the number of elements in C. Again, it is
determined whether the assignment found by solving (7)
has multi-conflict and if so, another constraint such as (7b) is
added to the ILP. This process continues until an assignment
is found that does not have a multi-conflict.

(7b)

V. NUMERICAL EXPERIMENTS

A. Computational Experimental Set-up

In order to determine the performance of the various tech-
niques described above, this investigation employed the re-
alistic urban mesh networks constructed by the UDelModels
[21]. Along with a realistic propagation simulator, the UDel
Models include a map builder, a realistic mobility simulator,
and alarge collection of data and trace files. The propagation
simulator is based on ray-tracing and accounts for reflections
off of the ground and off of buildings, transmission through
building walls, and diffraction around and over buildings
[22]. It also accounts for the impact that different materials
have on reflections off of walls and transmission through
walls. Data sets for several urban areas are available online.

For this investigation, the topologies are generated as
follows. Each topology was based on a different 6 x 6 city
block region that was randomly located within a 2 km?
region of downtown Chicago. Various node densities were
investigated. Specificaly, the number of gateways' was 1, 3,
and 6, and the number of wireless routers was 18, 36, 54, 72,
and 90. The wireless routers and gateways were uniformly
distributed throughout the 6x6 city block region.

In these experiments, al traffic flowed from the gateways
to destinations (i.e., downstream traffic), where each mesh
router in the topology was a destination of a flow. The
routing was a single path, least hop routing, where each
link had a receiver signal strength of at least -75 dBm when
the transmission power was 15 dBm.

1Gateways have both wired and wireless interfaces, whereas wireless
routers only have wireless interfaces.
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Fig. 1. Variation in the computed throughput as assignments are added
where the throughput is minge s fg. The plot isfor a topology with 3 GW
and 90 wireless routers where the number of channels is 7 and the number
of radios at each node is 4.

802.11a data rates were used. Furthermore, it was assume
that the relationship between SNR and bit-rate is the same as
the relationship between SINR and bit-rate. The throughput
metric used iS G (f) = mingeq fy. The computations below
were performed on a 2.4MHz AMD FX-53 processor with
8GB RAM. Programs were written in Matlab and used
CPLEX v10 for solving LP and ILP problems.

B. Number of Iterations until Algorithm 1 Stops

Figure 1 shows how, in the topology with 3 GW and 90
wireless routers where the number of channelsis 7 and the
number of radios at each node is 4, the throughput increases
as the more assignments are added. The point of maximum
throughput occurs when the stopping condition specified in
Algorithm 1 is met. Thus, in this case, Algorithm 1 stopped
after 76 iterations when the throughput metric was G (f) =
min¢€<p f¢.

Note that only one assignment is added at each iteration.
Thus, the maximum number of elementsin V is the number
of assignments in the initial set of assignments plus the
number of iterations required by Algorithm 1. Hence, we
have achieved the goal of determining the solution to (3) for
VY =V by computing the solution to (3) for a small set V.
The complexity of solving linear and nonlinear optimization
problems is well known, and is not investigated here.

C. Multi-Channel and Multiple Cognitive Radios

The proposed framework easily covers the multi-channel
multi-radio scenario. Assume that all nodes have the same
number of interfaces. Figure 2 shows the relationships
among the throughput, the number of channels and the
number of interfaces. The y-axis is the throughput ratio over
the optimal throughput with single channel and single radio.
These plots are for a wireless network with 3 GWs and 36
wireless routers. A few comments are in order.

o If there are n channels available and n radios at each
node, the throughput increases with a factor of n
because all channel are same as each other.
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Fig. 2. (a). Throughput versus the number of channels with different
number of interfaces. (b). Throughput versus the number of interfaces with
different number of channels. These plots are for a wireless network with
3 GWs and 36 wireless routers.

« The optimal throughput is achieved when the number
of channelsis one or two more than the number radios.
The throughput is not improved any more even if the
number of channel increases further.

o The throughput of two channels and single radio is
better than that of single channel and single radio.
Similar results are correct for n + 1 channels and n»
radios case.

The results are aso true for other generated topologies.

V1. CONCLUSION

In this paper, we presented the problem of joint spectrum
allocation and scheduling in multi-radio multi-channel cog-
nitive radio wireless networks. The iterative algorithm pro-
posed in [1] was extended to solve the optimization problem
with higher dimension. Specifically, with the introduction
of logical links, the dimension of the MWIS problem is
increased by K times where K is the number of channels,
while the optimization problem (3) over a small set of



assignments still has the same dimension. With this iterative
algorithm, we can efficiently compute the joint spectrum
allocation and scheduling for the wireless networks with a
few hundred links. In addition, numerical experiments show
that the optimal throughput is achieved when the number of
channels is one or two more than the number of interfaces.
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